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Edited by Stuart FergusonAbstract The intrinsically disordered translocation domain
(T-domain) of the protein antibiotic colicin N binds to periplas-
mic receptors of targetEscherichia coli cells in order to penetrate
their inner membranes. We report here that the speciﬁc 27 con-
secutive residues of the T-domain of colicin N known to bind to
the helper protein TolA in target cells also interacts intramolec-
ularly with folded regions of colicin N. We suggest that this spe-
ciﬁc self-recognition helps intrinsically disordered domains to
bury their hydrophobic recognition motifs and protect them
against degradation, showing that an impaired self-recognition
leads to increased protease susceptibility.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The increasing awareness of the importance of intrinsically
disordered proteins has led several groups to investigate the
intermolecular binding promiscuity of epitopes contained
within disordered regions [1,2]. In studying the cellular uptake
mechanism of the protein antibiotic colicin N we have ob-
served that a key binding epitope for an intermolecular inter-
action contained in its intrinsically disordered translocation
domain (T-domain) is also an intramolecular binding epitope.
Colicins consist of a disordered N-terminal T-domain which
enables it to enter or cross the inner membrane of target cells,
so that the killing domain can function, following binding of a
receptor binding domain (R-domain) to an outer membrane
receptor [3]. For colicin N, a key step in the translocation
mechanism is its interaction with TolA, a periplasmic helper
protein in the target cell. This interaction involves a recogni-
tion sequence within the disordered 90 residue T-domain (res-
idues 40–66) [4]. We show herein that this ‘‘TolA binding box’’
[5] binds intramolecularly to globular regions of colicin N in
the absence of TolA. This phenomenon, which we have called
self-recognition, may be widespread in certain types of intrin-
sically disordered proteins and we suggest that one biological
advantage of self-recognition is enhanced protection of the*Corresponding author. Fax: +44 1603 592003.
E-mail address: g.moore@uea.ac.uk (G.R. Moore).
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doi:10.1016/j.febslet.2008.06.022intrinsically disordered protein from degradation, as demon-
strated in this paper for the T-domain of colicin N.2. Materials and methods
2.1. Protein expression, puriﬁcation and sample preparation
Colicin N and its Y62A mutant were puriﬁed from Escherichia coli
BL21 pLys(E) carrying pChap4 [6], as previously described [7]. The
colicin N receptor binding domain comprising residues 67–190 and
the colicin N T-domain40–76 comprising residues 40–76 were expressed
and puriﬁed as described by Evans et al. [8] and Anderluh et al. [9],
respectively. Isotopically labelled samples were obtained from bacteria
grown in M9 minimal medium containing 1 g/l 15NH4Cl as the only
nitrogen source and, where appropriate, 4 g/l [13C6] glucose as the sole
carbon sources.
The plasmid encoding for the colicin N T-domain colicin E9 DNase
fusion protein, pOHN1, was produced by digesting plasmid pNP330
(encoding wild-type T1–61-DNase fusion protein and Im9, with a histi-
dine tag attached to Im9) [10] with NdeI and NcoI to exchange the
T1–61-domain of colicin E9 with the T-domain of colicin N. For
this purpose the nucleotide sequence corresponding to the colicin N
T-domain was ampliﬁed from the full-length colicin N gene by PCR
using the primers 5 0-TTTTTCATATGATGGGTAGTAATGGCG-
CAG and 5 0-TTTTTCCATGGACGCTCCATCACCGTTATTA as
forward and reverse primers, respectively. Both primers were pur-
chased from Sigma. The resulting PCR-product was cleaved with NdeI
and NcoI and ligated into the pNP330 plasmid cut with the same en-
zymes. The resulting plasmid encoded for the 91 N-terminal residues of
colicin N fused to the DNase-domain of colicin E9 non-covalently
bound to histidine tagged Im9. The sequence of the fusion protein
was conﬁrmed by DNA-sequencing.
E. coli BL21DE3 cells were transformed with pOHN1 and isolation
of the fusion protein from the His-tagged Im9 was performed essen-
tially as previously described for preparation of colicin E9 and its
DNase domain [11]. Puriﬁed fusion protein was concentrated using
an Amicon Ultra-15 centrifugal ﬁlter devices (Millipore) and ex-
changed into 50 mM sodium phosphate buﬀer (pH 7) containing
300 mM NaCl and 1 mM PMSF and diluted in TFA to a ﬁnal concen-
tration of 70% TFA. Fifteen microliters of 5 M CNBr solution, which
is a common chemical used to hydrolyze peptide bonds C-terminal to
methionine residues in peptides and proteins [12], was added to 1.1 ml
of the 70% TFA solution which was protected from light and allowed
to incubate for 17 h at room temperature. After CNBr cleavage the
mixture was diluted in 20 ml of 50 mM sodium phosphate buﬀer (pH
7) containing 300 mM NaCl and 1 mM PMSF followed by concentra-
tion and buﬀer-exchange against 50 mM sodium phosphate buﬀer (pH
6.8) containing 1 mM PMSF. Chromatography using a 5 ml HI-
TRAP SP HP column (GE Healthcare) connected to an Akta Ex-
plorer liquid chromatography system (GE Healthcare) then
separated the products. MALDI-TOF analysis (Shimadzu-biotech)
conﬁrmed that the T-domain polypeptide (residues 2–90) had been ob-
tained.
Protein concentrations were determined from UV absorption at
280 nm with extinction coeﬃcients (estimated by the method of Gill
and von Hippel) [13] as follows: colicin N T-domain, 12660 M1 cm1,
colicin N, 50900 M1 cm1, colicin N receptor binding domain,
13370 M1 cm1 and colicin N T-domain 40–76, 12660 M1 cm1.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Upper panel: Overlay of 500 MHz 1H–15N HSQC spectra of
full length colicin N (red) and T-domain2–90 (black). Middle panel:
Amino acid sequence of the colicin N T-domain (residues 2–90, as the
ﬁrst residue, a methionine, is cleaved oﬀ by CNBR, see Section 2).
Residues whose resonances could not be assigned in the full length
colicin N are shown in red. The region responsible for binding TolA is
underlined. Lower panel: Domain structure of colicin N depicting its
three functional domains: translocation domain (cross-hatched, T-
domain), receptor binding domain (black, R-domain), and pore-
forming domain (white, P-domain).
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NMR spectra were acquired with Varian Unity Inova spectrometers
equipped with triple resonance, pulsed ﬁeld gradient probes, operating
at 1H frequencies of 499.865 MHz, 599.162 MHz and 800.229 MHz
and 15N frequencies of 50.66 MHz, 60.72 MHz and 81.09, respectively,
using pulse sequences incorporated into the Varian (CA, USA) Protein
Pack suite of experiments. Resonance assignments of doubly labelled
colicin N (0.9 mM) and doubly labelled colicin N T-domain
(1.1 mM) were obtained from 2D 1H–15N HSQC, 3D CBCA(CO)NH,
HN(CA)CO, HNCO and HNN spectra at 15 C. Spectra were pro-
cessed using NMRPipe [14] and analysed in NMRView [15]. Before
Fourier transformation, a cosine-bell window function was applied
to each dimension for apodization. The indirect dimensions were ﬁrst
linear-predicted to double the number of data points, and then zero-
ﬁlled to round up the number of data points to the nearest power of
2. 1H chemical shifts were referenced directly to external 2, 2-di-
methyl-2-silapentane-5-sulfonate sodium salt (DSS) and the 13C and
15N chemical shifts indirectly to DSS [16]. The NMR assignments have
been deposited in the Biological Magnetic Resonance Bank database
under BMRB accession number 15506 (www.bmrb.wisc.edu).
It is noteworthy that we found the HNN experiment [17] to be
invaluable for the assignments of both the separated T-domain and
the T-domain as part of the full-length colicin, because of the narrow
1H chemical shift dispersion that resulted in heavy overlap in the triple-
resonance spectra, as well as the sequences of repeating residues. A
complete unambiguous assignment of the T-domain would probably
not have been possible without this experiment.
2.3. Limited proteolysis of wild-type colicin N and its Y62A variant
Puriﬁed proteins were dialysed against 50 mM phosphate buﬀer pH
7 containing 300 mMNaCl. Trypsin solution was prepared in the same
buﬀer. 60 lg protein was incubated with 0.02 lg trypsin (Sigma T8253)
at room temperature. Samples (20 ll) were taken at 0, 30, 60, 90, 120,
150 and180 min after mixing with trypsin and mixed immediately with
20 ll gel loading buﬀer (125 mM Tris–HCl pH 6.8, 5 mM EDTA, 15%
(v/v) glycerol, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue and 1% (v/
v) mercaptoethanol) and boiled at 95 C for 5 min. Protein samples
(10 ll) were resolved on 12% SDS–PAGE, stained with Coomassie
Brilliant Blue G-250 for 1 h and destained with 10% (v/v) glacial acetic
acid mixed with 10% (v/v) propan-1-ol overnight. Gels were scanned as
Jpeg images and densitometric analysis performed using JMicroVision
1.2.7v image analysis software (JMicroVision). The gel band intensity
was measured over an area of 944 pixels in each case.3. Results and discussion
3.1. NMR of wild-type colicin N shows its T-domain binds
intramolecularly
In order to investigate the conformational properties of the
colicin N T-domain by NMR suitable isotopically labelled
samples are required but obtaining these has been problematic
as the 90-residue T-domain polypeptide is readily degraded.
Therefore, we started our study using the 43 kDa intact colicin
N. The 1H–15N HSQC spectrum of 15N-labelled intact colicin
N conﬁrms that the protein contains a largely unstructured
and ﬂexible region (Fig. 1), as indicated by the numerous sharp
amide NH resonances with a narrow 1H chemical shift disper-
sion, between 7.5 and 9 ppm, seen in the spectrum at a high
threshold where broad peaks from the folded domains are
not visible (Fig. 1). Sequential assignment of these resonances
revealed that they belong to the 90 residue T-domain. Never-
theless, only 52 of the expected 85 backbone NH resonances
were visible in either the 1H–15N HSQC spectrum or in 3D tri-
ple resonance-spectra and could be assigned unambiguously
(Fig. 1). Except for the two residues following the N-terminus,
the 32 unassigned resonances arise from consecutive residues,
43–72. Interestingly, 24 of the 27 residues comprising the TolA
binding box are in this non-visible region (Fig. 1, lower panel),and a prediction from PONDR [18] (Fig. 2) is that residues 45–
74 are ordered in this otherwise disordered domain. A similar
prediction was made by DISOPRED [19] (Supplementary Fig.
2). If the non-visible residues formed a small structured unit
that did not interact with any other part of the molecule its res-
onances should have been visible. A possible reason for the
missing resonances could be an intramolecular interaction of
the TolA binding box region with one or more of the globular
domains of the colicin. Such an interaction might also explain
the 18-fold increased binding aﬃnity of the colicin N T-do-
main for colicin-binding domain of TolA compared with the
intact colicin N [20]. In this scenario, residues 43–72 would
be in exchange between a free state and a bound state leading
to broadening through chemical exchange, or if it were tightly
bound, its relaxation properties would be dominated by the
slow tumbling of the globular domains. Such an intramolecu-
lar interaction would not be present for the isolated T-domain.
To test this hypothesis, we recorded NMR spectra of the sep-
arated T-domain2–90 and compared them with the spectra of
full-length colicin N.
Fig. 1 (upper panel) shows the 1H–15N HSQC spectrum we
obtained from the separately expressed T-domain2–90 in black
overlaid with the 1H–15N HSQC spectrum we obtained from
the full-length colicin N in red. This overlay reveals that the
52 backbone NH resonances assigned in the spectrum of
full-length colicin N also show up in the spectrum of T-do-
main2–90 with identical chemical shifts and, in addition to these
resonances, the spectrum of the T-domain2–90 has 34 addi-
tional peaks that are not visible in the spectrum of the intact
colicin. Like the 52 assigned resonances shared by full-length
colicin N and T-domain2–90, the additional resonances for T-
domain2–90 are sharp signals with a relatively narrow 1H chem-
ical shift dispersion as expected for a disordered protein.
Fig. 2. Disorder prediction for the colicin N translocation domain
from the predictor PONDR VL-XT [18] (blue) as a function of the
amino acid sequence; regions with contents of disorder values greater
than 0.5 are likely to be disordered. Prediction of the average area
buried upon folding (AABUF) [23] (magenta) calculated with the
ExPASy tool ProtScale (http://us.expasy.org/tools/protscale.html) for
residues 5–85. The stretch of residues whose resonances are not visible
in NMR spectra of full length colicin N is marked with a red bar and
the stretch of residues comprising the TolA binding epitope is marked
with a black bar.
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belong to the backbone NH resonances of the T-domain that
were not visible in the spectra of intact colicin N. All of the
85 expected backbone NH resonances of T-domain2–90 could
be assigned unambiguously (Fig. 3) consistent with an intra-
molecular interaction of the T-domain of intact colicin N with
one of its folded domains. As an additional proof for this we
showed that the unlabelled T-domain40–76 peptide including
the TolA binding box residues interacts with isolated 15N la-
beled R-domain in solution (Supplementary Fig. 1). Similar
intramolecular interactions have been observed for intracellu-
lar disordered proteins where the interactions play a central
role in controlling enzyme activity [21].
It appears that the bulk of the side chains and their polarity
play an important role in determining binding properties of
linear epitopes such as the TolA binding box. Meszaros
et al. [22], found that the molecular interfaces generated uponA34
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Fig. 3. The amide region of the 800 MHz 1H–15N HSQC spectrum ointermolecular binding are signiﬁcantly more hydrophobic in
naturally disordered proteins compared to their overall amino
acid composition and suggested that the hydrophobic core of
intrinsically disordered proteins is the interface between them
and their binding partner. Consistent with this view, peaks
of the average area buried upon folding (AABUF) [23] along
the sequence of the colicin N T-domain, correlate reasonably
well with its intramolecular binding epitope (Fig. 2).
If we assume that the intrinsic rates of association and disso-
ciation of the isolated T-domain and intact colicin N for TolA
are the same, then the 18-fold variation in their dissociation
constants is associated with a pre-binding equilibrium of the
intact colicin between T-domain bound intramolecularly and
free T-domain. This corresponds to a dissociation constant
for the intramolecular T-domain interaction of 0.055 which
means that 95% of the colicin N molecules have sequestered
their TolA binding boxes in the absence of TolA. Clearly, the
TolA binding region must be exposed for TolA recognition
and it is plausible to imagine that binding of the colicin to
its outer membrane receptor OmpF, which involves its R-do-
main, would disrupt the intramolecular T-domain binding,
which is consistent with the widespread observations of con-
formational changes in such translocon complexes [3,24,25].
Thus any biological advantage of the self-recognition is likely
to accrue prior to the binding of the colicin to its target cell.
3.2. NMR of Y62A colicin N shows diminished intramolecular
interaction
To further investigate the intramolecular interaction we
studied a variant of colicin N that has a single point mutation
in its TolA binding box, Y62A, which abolishes TolA binding
[20]. We recorded a 1H–15N HSQC spectrum of it (Fig. 4A) to
see if the mutation also aﬀects the intramolecular interaction of
the T-domain. An overlay of the 1H–15N HSQC spectra for
wild-type (red) and Y62A (black) colicin N shows that 12 of
the TolA-box resonances not visible in the spectrum of wild-
type colicin N are visible in the colicin N Y62A spectrum.A9
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Fig. 4. (A) Overlay of 500 MHz 1H–15N HSQC spectra of full length wild-type colicin N (red) and Y62A colicin N (black). Resonances that are
present in T-domain2–90 (see Figs. 1, 3 and Supplementary Fig. 3) and in the full length Y62A colicin N but not in the full length colicin N are labeled
within the ﬁrst ﬁve panels (counting from the left top – to the right bottom corner).The ﬁrst ﬁve panels are expansions of the spectrum taken from
regions indicated in the last panel in descending order. The full 1H–15N HSQC spectra containing also the resonances of the isolated T-domain is
enclosed in Supplementary Fig. 3. (B) Proteolysis of full-length wild-type colicin N and its Y62A variant. Upper panel: 12% SDS–PAGE gel showing
degradation of the full length proteins and the gradual appearance of proteolysis fragments (arrows) over 0–180 min. Protein (60 lg) and 0.02 lg
trypsin were incubated at 37 C. Each lane contains 6 lg of total protein content. Middle panel: Quantitative densitometric analysis of the
degradation bands of full length proteins, wild-type colicin N (closed squares) and its Y62A variant (closed circles), where points correspond to lanes
indicated on the gel. Curves are the ﬁrst order exponential decays ﬁtted using Origin 5.0v software (OriginLab). Lower panel: Quantitative
densitometric analysis of the third proteolysis fragment (ﬁrst 93 residues of colicin N as conﬁrmed by mass spectrometry), points as in A. Curves are
the exponential growths ﬁtted using Origin 5.0v software. Putative trypsin sites are: K18, R38, K49, K52, K73, K75, R83 and K93.
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D69, N70, K73 and K 75) also overlay with the resonances vis-
ible in the spectrum of T-domain2–90 (Supplementary Fig. 3)
and lay in 2 consecutive regions 51–59 and 69–75. These results
point to a diminished intramolecular interaction for the T-do-
main of Y62A colicin N compared to the wild-type colicin.
This is not only further evidence showing that the intermolec-
ular binding epitope is also an intramolecular one, but it also
provides a suitable system to directly assess the vulnerability of
the T-domain to proteolytic attack in the context of self-recog-
nition.
3.3. Intramolecular binding of the T-domain produces protection
against proteolysis
Having been secreted by producing cells, colicins must spend
some of their time in an extracellular environment, traversing
the protease rich environment of the guts of animal hosts.
Here, their T-domains will be subject to proteolytic attack
and as we, and others [26], have observed it has a marked ten-
dency to be degraded. This vulnerability seems to be an intrin-
sic feature of structural disorder as an unfolded local region of
polypeptide is digested much faster than when folded [27]. Sev-
eral possible mechanisms to counter this susceptibility to deg-radation have been discussed, including: protection by
chaperones that bind to intrinsically disordered regions and
the possibility that disordered regions may exist only tran-
siently as they jump from one partner molecule to another
[28]. We suggest that self-recognition helps the colicin N T-do-
main to bury its hydrophobic recognition motif when it is not
bound to its intermolecular partner, aﬀording it some degree of
protection to degradation. To investigate this hypothesis we
compared the sensitivity of wild-type andY62A colicin N to
proteolysis by trypsin (Fig. 4B). The results clearly show that
the Y62A colicin N degrades quicker than the wild-type pro-
tein demonstrating that the impaired self-recognition leads to
increased protease susceptibility. Such a self-recognition pro-
tection mechanism may be widespread with intrinsically disor-
dered domains present in molecules alongside structured
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be found, in the online version, at doi:10.1016/j.febslet.
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